Joubert syndrome (JS) is a developmental brain disorder characterized by cerebellar vermis hypoplasia, abnormal eye movement, ataxia and mental retardation. Mutations in CEP290 mutations are responsible for the cerebello-oculo-renal subtype of JS that includes kidney cysts and retinal degeneration, two phenotypes commonly linked to ciliopathies. CEP290 mutations are also associated with Meckel-Gruber syndrome and Bardet-Biedl syndrome (BBS). Here we demonstrate that CEP290 interacts with a centriolar satellite protein PCM-1, which is implicated in BBS4 function. CEP290 binds to PCM-1 and localizes to centriolar satellites in a PCM-1-and microtubule-dependent manner. The depletion of CEP290 disrupts subcellular distribution and protein complex formation of PCM-1. In accord with PCM-1's role in microtubule organization, CEP290 knockdown causes the disorganization of the cytoplasmic microtubule network. Moreover, we show that both CEP290 and PCM-1 are required for ciliogenesis and are involved in the ciliary targeting of Rab8, a small GTPase shown to collaborate with BBS protein complex to promote ciliogenesis. Our results suggest that PCM-1 is a potential mediator that may link CEP290 with BBS proteins in common molecular pathways.
INTRODUCTION
Joubert syndrome (JS) often presents phenotypes which significantly overlap with cilium-related disorders (ciliopathies) such as Senior -Ló´ken syndrome, Meckel -Gruber syndrome (MKS) and Bardet -Biedl syndrome (BBS), implicating ciliary dysfunction in JS (1, 2) . CEP290 is one of several genes mutated in JS. Nonsense or frame-shift mutations in CEP290 are responsible for a majority of the oculorenal form of JS (3, 4) , whereas an intronic mutation in CEP290 that creates a strong splice-donor site is the single most common identified cause of Leber congenital amaurosis, a severe retinal dystrophy, without associated cerebellar abnormalities (5) . CEP290 is known to localize to the centrosome and basal body of ciliated kidney cells and to the connecting cilium of retinal photoreceptors (3, 6) . Previously, it has been suggested that CEP290 may be present in complex with several microtubule-based transport proteins including RPGR-interacting protein 1, p 150 Glued , p 50 dynamitin , Kif3A and kinesin-associated protein 3 (6, 7) . Consistent with a potential involvement of CEP290 in protein transport, a mutant mouse line (rd16) harboring an in-frame CEP290 deletion exhibits the mislocalization of phototransduction proteins in photoreceptors and odorant-signaling proteins in the cilia of olfactory receptor neurons (6, 7) .
Genetic heterogeneity is a characteristic feature of most ciliopathies: multiple genes have been identified for each of these distinct disorders (1, 8) . Although ciliopathy genes encode proteins with diverse functional domains, several biochemical studies have demonstrated physical interactions between the proteins involved in each type of ciliopathy, suggesting that they may act collaboratively in some common molecular pathways (9 -12) . For example, it was shown that seven BBS proteins (BBS1, 2, 4, 5, 7, 8 and 9) form a stable complex, which was termed BBSome, providing an explanation for the same pleiotropic phenotype of the mutations in the BBS genes (12) . Given the substantial overlap in clinical manifestations of several ciliopathies, it is † Present address: Department of Medicine, University of California San Diego, La Jolla, CA 92093, USA.
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To whom correspondence should be addressed at: Leichtag Biomedical Research Building, Room 482, University of California San Diego, Medical School Campus, 9500 Gilman Drive, M/C 0665, La Jolla, CA 92093, USA. Tel: þ1 8588223535; Fax: þ1 8588221021; Email: jogleeson@ucsd.edu expected that various proteins that are associated with distinct ciliopathies may also interact physically and/or functionally. Moreover, recent genetic studies have demonstrated that JS, MKS and BBS are allelic disorders with causative mutations in some of the same genes. Mutations in CEP290 have been identified in fetuses with MKS and in families showing several features of MKS (13) . In addition, mutations in three BBS genes (BBS2, BBS4 and BBS6) were shown to cause MKS-like phenotypes (14) . Further evidence of the allelism between these disorders comes from the identification of mutations in CEP290 and MKS3 genes in BBS patients (15) . Although these findings prove interlinked genetic interactions between JS, MKS and BBS, it remains to be shown whether JS proteins are directly implicated in the molecular pathways that involve MKS or BBS proteins.
Centriolar satellites are non-membranous 70-100 nm granules scattered around the centrosome of many types of animal cells, and similar structures also exist around the basal bodies (equivalent to the centrosome) of ciliated cells (16, 17) . PCM-1 was identified as the major component of centriolar satellites (17, 18) . PCM-1 plays a role in the recruitment of centrosomal proteins including centrin, pericentrin and ninein, and is required for the organization of the cytoplasmic microtubule network (19) . The interaction between BBS4 and PCM-1 was first identified by a yeast two-hybrid screen using BBS4 cDNA as bait (20) , and affinity purification confirmed that PCM-1 is associated with the stable BBS complex (12) . BBS4 appears to act as an adaptor that connects p150 glued subunit of dynein transport machinery with PCM-1 and thus assists the centrosomal recruitment of PCM-1 and its associated centrosomal proteins required for the organization of microtubule radiations from the centrosome (20) . This model was supported by the finding that both BBS1 and BBS4 knockout mice exhibit mislocalization of PCM-1 and disorganization of the dendritic microtubule network in the olfactory epithelium (21) .
The Rab family of Ras-like small GTPases is a key regulator of vesicle trafficking (22) . Recently, it has been demonstrated that GTP-bound Rab8 enters the primary cilium and is required for the biogenesis of ciliary membrane (12, 23) . The depletion of either Rab8 or Rabin8, a GDP/GTP exchange factor specific for Rab8, causes ciliogenesis defect (12) . BBS1, a subunit of the BBSome, was shown to directly bind to Rabin8, and centrosomal localization of BBS4, another subunit of the complex, is disrupted in the absence of Rabin8. A current model incorporating these findings is that the BBSome may potentiate Rabin8 function through direct physical association at the base of the cilium and thus mediate a localized Rab8 activation to promote the docking and fusion of vesicles carrying ciliary membrane and transmembrane proteins. However, it is not clear whether PCM-1 is also involved in the functional interaction between BBS complex and Rab8 for ciliogenesis.
Here, we report physical and functional interaction between CEP290 and PCM-1 and show that both CEP290 and PCM-1 are required for the ciliary localization of Rab8. We demonstrate that CEP290 is implicated in the molecular pathways that have been shown to involve BBS4, and thus provide a clue to understand the underlying mechanisms of the genetic link between JS and BBS.
RESULTS

Recruitment of CEP290 to centriolar satellites requires PCM-1 and microtubules
The current model suggests that CEP290 exerts its major effects at the centrosome and the basal body because preliminary studies have identified localization at the vicinity (3, 4, 6) and CEP290 co-immunoprecipitates with three centrosomal proteins, pericentrin, g-tubulin and centrin as well as with a centriolar satellite protein PCM-1 (6) . To gain insight into its function, we examined the localization of CEP290 in relation to these centrosomal proteins at a higher magnification. Both CEP290 and pericentriolar components, pericentrin and g-tubulin, show distribution in the vicinity of the centrosome as has been reported in hTERT-RPE cells (Fig. 1A) . However, unexpectedly, exact co-localization between CEP290 and these two proteins was not observed. It was also apparent that centriolar marker centrin does not perfectly co-localize with CEP290 (Fig. 1A) . Remarkably, anti-CEP290 staining was not limited to the proximal area of the centrosome, but instead was detected in granular structures scattered beyond the other centrosomal proteins. Similar CEP290 distribution was observed in ciliated hTERT-RPE cells after serum starvation to induce ciliogenesis (Fig. 1A) . In contrast to other centrosomal proteins, PCM-1 showed extensive overlap with CEP290, suggesting that CEP290 localizes to centriolar satellites (Fig. 1A) .
To explore functional interaction between CEP290 and PCM-1, we first confirmed that CEP290 associates with PCM-1 using co-immunoprecipitation (Fig. 1B ). Next, we tested whether PCM-1 is required for the centriolar satellite localization of CEP290, by examining CEP290 localization after the depletion of PCM-1 from hTERT-RPE cells using small interfering RNA (siRNA). Efficient PCM-1 depletion was confirmed by both immunoblotting and immunofluorescence staining (Fig. 1C) . As shown in Fig 1D, PCM-1 knockdown resulted in a substantial decrease in the number of anti-CEP290-labeled granules scattered around the centrosome although CEP290 was not depleted from peri-centriolar regions. These results suggest that CEP290 localizes to centriolar satellites in a PCM-1-dependent manner, whereas peri-centriolar CEP290 localization is mediated by a distinct mechanism.
It was shown that centriolar satellites are released from the centrosome and are scattered into the cytoplasm when microtubule networks are disrupted by nocodazole treatment (17) . On the other hand, polymerized microtubules are known to be dispensable for maintaining CEP290 at the centrosome (4, 6) . Given the centriolar satellite localization of CEP290, these two findings seem to be incompatible. To resolve this issue, we examined CEP290 localization after 20 mM nocodazole treatment for 2 h, which completely disassembled the microtubule architecture. In accord with previous reports (4, 6) , the disruption of microtubule networks did not completely inhibit the association of CEP290 with the centrosome, suggesting that polymerized microtubules are dispensable for the maintenance of, at least, a fraction of CEP290 that is tightly attached to the centrosome ( Fig. 2A) . However, there was a substantial decrease in the amount of the granular CEP290 staining located around the centrosome after nocodazole treatment ( Fig. 2A) . This observation supports the idea Human Molecular Genetics, 2008, Vol. 17, No. 23 3797 that the major fraction of CEP290 localizes to centriolar satellites. A previous report showed that PCM-1 granules move along microtubules toward the centrosome (17) . To test whether CEP290 is also recruited to centriolar satellites along microtubules, we examined the behavior of GFP-tagged CEP290 in live cells. Both GFP-CEP290 and mCherry-tubulin were co-expressed transiently, and live-cell image was captured by high-speed fluorescence microscopy ( Fig. 2B and Supplementary Material, Video S1). We frequently observed linear movements of GFP-CEP290 granules toward the centrosome along mCherrylabeled microtubules at maximum rates of 0.6-0.7 mm/s, which is similar to the maximum rate of cytoplasimc dynein (Fig. 2B ). These observations indicate that CEP290 recruitment to centriolar satellites involves association with polymerized microtubules, and likely minus-end directed motors.
CEP290 modulates PCM-1 subcellular distribution and formation of complexes containing PCM-1
To test whether CEP290 is required for PCM-1 function, we depleted CEP290 from hTERT-RPE cells using siRNAs and assessed the localization of PCM-1 granules. Both immunoblotting and immunofluorescence staining showed a substantial reduction of CEP290 expression (Fig. 3A) . As reported previously (18) , PCM-1 granules were not only localized to peri-centrosomal area but also scattered throughout the cytoplasm (Fig. 3B) . Furthermore, 16% of interphase control cells showed widely dispersed PCM-1 granules without clear enrichment around the centrosome, suggesting a dynamic shuttling of PCM-1 between the centrosome and the cytosol ( Fig. 3B and C) . Remarkably, CEP290 depletion greatly facilitates the concentric aggregation of PCM-1 granules at the centrosome, depleting scattered cytosolic pool of PCM-1 (Fig. 3B ). Only 3% of CEP290-depleted cells showed widely dispersed PCM-1 staining without centrosomal concentration (Fig. 3C ). These results show that CEP290 is not required for the centrosomal recruitment of PCM-1, but plays a role in the regulation of the dispersion of PCM-1 particles. To support this idea, we examined the effect of CEP290 overexpression on PCM-1 localization. As shown in Fig 3D, CEP290 overexpression facilitates the dispersion of PCM-1 granules from the centrosome. PCM-1 dispersion was observed in 81% of cells overexpressing CEP290 (Fig. 3E ). Although the overexpression of GFP alone also resulted in a small increase in the number of cells showing dispersed PCM-1, the increase was incomparable with that of CEP290 overexpression (Fig. 3E) . A decrease in integrated anti-PCM-1 immunofluorescence intensities around the centrosome confirms PCM-1 re-distribution in CEP290-overexpressing cells (Fig. 3F) . Together these results demonstrate that CEP290 is involved in the regulation of dynamic PCM-1 distribution, and that the positioning of CEP290 and PCM-1 to pericentriolar granules is bi-dependent. It is likely that PCM-1 granules moving along polymerized microtubules are protein complexes that are shuttling between the cytosol and the centrosome to transport molecules into the centrosome (19, 20) . To test whether CEP290 depletion affects properties of the protein complexes that constitute PCM-1 granules, we examined the sedimentation property of PCM-1 in sucrose density gradient centrifugation. As reported previously (12), solubilized a-tubulin stayed near the top of the gradient (Fig. 3G) . In the control sample, PCM-1 sedimented as two peaks: one near the top of the gradient and the other between the 30 and 40% steps (Fig. 3G) . Importantly, CEP290 depletion dramatically altered the behavior of PCM-1 in the gradient. PCM-1 from cells transfected with CEP290 siRNA mainly stayed near the top of the gradient and only small fractions of PCM-1 sedimented beyond the 30% step (Fig. 3G ). In addition, we found that sedimentation properties of BBS4 are also affected by CEP290 knockdown. In control sample, BBS4 co-sedimented with PCM-1 at 25-40% gradients, and small portions of BBS4 were detected even at the bottom of the gradient, suggesting that BBS4 is a part of a large protein complex (Fig. 3G) . In contrast, BBS4 from CEP290-depleted cells did not move beyond 30% gradient and was mainly detected in fractions between 20 and 30% gradients. These results suggest that the assembly of the BBS -PCM-1 protein complex requires normal levels of CEP290.
It is noteworthy that even though CEP290 depletion affected the higher molecular size fractions of both PCM-1 and BBS4, CEP290 from control lysates was not co-sedimented with the higher molecular size fractions (Fig. 3G) . Instead, CEP290 overlaps only with a lower molecular size fraction (15% sucrose) of PCM-1. CEP290 immunoreactivity is restricted to the centriolar satellites and pericentriolar space, whereas PCM-1 granules are detected throughout the cytoplasmic space although they are concentrated around the centrosome (Fig. 3A and B) . Thus, the presence of PCM-1 which does not co-sediment with CEP290 is not unexpected. One possible hypothesis is that CEP290 might interact with smaller size intermediate PCM-1 complexes, supporting the assembly of large multisubunit PCM-1;BBS complexes, and CEP290 might then be released from the complexes and recycled. However, we cannot exclude the possibility that CEP290 is dissociated from higher molecular size BBS -PCM-1 complex during the sample preparation and centrifugation. The observation that CEP290 depletion causes an abnormal accumulation of PCM-1 at the centrosome (Fig. 3B) implies that smaller size PCM-1 complexes might be unable to efficiently shuttle between the centrosome and the cytosol.
Depletion of CEP290 interferes with microtubule organization and ciliogenesis
We speculated that if the changes in subcellular localization and sedimentation properties caused by CEP290 depletion reflect dysfunction of PCM-1, CEP290 knockdown might recapitulate part or all of PCM-1 loss-of-function phenotypes. It was shown that the organization of the microtubule network is disrupted in Human
response to either PCM-1 or BBS4 knockdown (19, 20) . We therefore depleted CEP290 in hTERT-RPE cells and visualized the microtubule network by staining anti-a-tubulin antibody (Fig. 4A ). Cells transfected with control siRNA displayed distinct microtubule networks. In contrast, CEP290-depleted cells showed disorganized diffuse tubulin staining around the nucleus, and polymerized microtubules were only apparent in cell periphery (Fig. 4A ). In addition, unlike control cells, CEP290-depleted cells did not show prominent microtubule arrays radiating from the centrosome although centrosomal g-tubulin staining was still evident. These results indicate that CEP290 is required for microtubule network organization and also supports a functional link between CEP290 and PCM-1;BBS4 complex. It is unlikely that the abnormal enhancement of PCM-1 accumulation around the centrosome in CEP90 depleted cells ( Fig. 3B and C) is a consequence of microtubule collapse because the disruption of microtubule by nocodazole treatment causes a wide dispersion of PCM-1 granules (Supplementary Material, Fig. S1 ).
To further explore functional links between CEP290 and PCM-1, we tested the involvement of CEP290 and PCM-1 in serum starvation-induced ciliogenesis in hTERT-RPE cells. In agreement with recent reports (12, 24) , PCM-1 depletion caused a reduction in the number of cells displaying a primary cilium (Fig. 4B and C) . As reported previously (24), we also found a decrease in ciliated cell number after CEP290 knockdown, supporting the involvement of CEP290 in the assembly of the primary cilium ( Fig. 4B and C) .
Pericentrin is known to interact with intraflagellar transport proteins and polycystin-2, and is required for ciliogenesis (25) . . Each bar is mean value (arbitrary unit) of 18 transgene-positive cells. (G) Cells were treated with nocodazole and cytochalasin to disassemble cytoskeleton 3 days after siRNA transfection and lysed in 0.5% NP-40 and 150 mM NaCl. Low-speed (1500 g) supernatants were fractionated on discontinuous sucrose gradients. PCM-1 and BBS4 proteins from CEP290-depleted lysates fail to migrate into higher density fractions, indicating that they form smaller protein complexes in the absence of CEP290. Scale bar: 20 mm.
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Given that PCM-1 is involved in the recruitment of centrosomal proteins including pericentin (19) , it is likely that a decrease in the levels of pericentrin at the basal body may contribute to the ciliogenesis defect observed in PCM-1-depleted cells. We therefore examined whether the mislocalization of centrosomal proteins underlies the ciliogenesis defect caused by CEP290 depletion. Unexpectedly, immunostaining for both pericentrin and ninein did not detect an obvious decrease in the levels of these proteins at the centrosome/basal body in the absence of CEP290 (Fig. 4D ). This result suggests that CEP290 may exert its ciliogenic effect through a mechanism that is independent of ninein and pericentrin recruitment to the centrosome. This result also implies that CEP290 depletion does not interfere with PCM-1's function in centrosomal protein recruitment although it disrupted subcellular localization and the complex formation of PCM-1. A recent paper showed that primary cilia assembly is inhibited by the RNAi-mediated depletion of several centrosomal proteins including g-, d-and 1-tubulin, centrin2, centriolin, GCP2 and pericentrin (26) . The depletion of all those proteins also results in the loss of centrosome integrity (loss, separation or fragmentation of centrioles) which causes the activation of a checkpoint that inhibits G1-S progression (26) . It is likely that ciliogenesis defect observed in cells depleted of key centrosomal proteins is a secondary consequence of the loss of centrosome integrity. In contrast, we found no evidence that CEP290 knockdown can affect centriole structure (Supplementary Material, Fig. S2A ). Furthermore, CEP290 depletion did not interfere with G1-S progression (Supplementary Material, Fig. S2B ). Together with normal staining patterns of pericentriolar material makers (Fig. 4B and D) , these observations suggest that CEP290's role may be ciliogenesis pathway-specific.
CEP290 and PCM-1 are required for efficient recruitment of Rab8 to the primary cilium
The Rab small GTPases regulate multiple aspects of vesicle transport, budding and fusion, and are also critical for defining membrane subdomain identity (22) . Recent studies have shown that Rab8 enters the primary cilium and plays a role in the elongation of ciliary membrane (12, 23) . Importantly, the BBSome was shown to interact with Rabin8, a Rab8 GDP/GTP exchange factor, suggesting a functional interaction between the BBSome and Rab8 at the primary cilium (12) . Since CEP290 depletion did not affect ninein and pericentirin localization to the centrosome, we next examined whether ciliogenic function of CEP290 and PCM-1 is also linked to Rab8 function at the primary cilium. Although the siRNAs used in this study efficiently depleted PCM-1 (Fig. 1C) or CEP290 (Fig. 3A) , a subset of transfected cells still developed the primary cilium in response to serum starvation (Fig. 4C ). Thus, we were able to examine CEP290/PCM-1 loss-offunction effect on ciliary targeting of Rab8. Remarkably, CEP290 knockdown cells showed substantially lower levels of ciliary localization of Rab8-GFP, suggesting that CEP290 is required for the efficient recruitment of Rab8 to the primary cilium (Fig. 5 ). This result supports the idea that CEP290 plays a specific role in ciliogenesis pathway. PCM-1 depletion also interferes with Rab8 translocation into the cilium (Fig. 5) . Thus, PCM-1's role in ciliogenesis is not limited to the recruitment of centrosomal proteins. These results provide a common proximal cause of the defective ciliogenesis observed in cells depleted with either CEP290 or PCM-1 and provide a potential link between JS and BBS.
DISCUSSION
Genetic heterogeneity of ciliopathies may be ascribed to the inherent complexity of the molecular mechanisms that underlie the formation and function of the primary cilium. It is conceivable that the perturbation of various cellular processes, such as the coordination of intraflagellar transport motors (27) , biogenesis of ciliary membrane (12) or centriole migration to the apical membrane (11), can converge on defective ciliogenesis or ciliary dysfunction, resulting in a range of overlapping clinical outcomes. An alternative, but not mutually exclusive, explanation for the heterogeneity is that a group of diverse proteins associated with each ciliopathy can act collaboratively in a common molecular pathway possibly as a multisubunit protein complex. Mutations in each subunit may result in the dysfunction of the entire complexes. Recently, this hypothesis has been gaining acceptance due to several lines of evidence. In addition to the identification of the BBSome (12), the biochemical interaction between two MKS proteins, MKS1 and meckelin, was demonstrated (11). Moreover, physical interactions between nephronopthisis proteins, NPHP1, inversin, NPHP3 and NPHP4, have been reported (9, 10, 28) . Our data presented here further develop the idea of the interlinked actions of ciliopathy proteins. We provide evidence that proteins implicated in different types of ciliopathies may also interact in a common molecular pathway. BBS4 binds to PCM-1 and acts together at centriolar satellites for protein recruitment and microtubule organization (20) . Similar to BBS4, CEP290 localizes to centriolar satellites and binds to PCM-1. Remarkably, either the depletion or the overexpression of CEP290 caused redistribution of PCM-1. Furthermore, CEP290 knockdown resulted in the disorganization of cytoplasimc microtubule network in hTERT-RPE cells. These results suggest that CEP290 may be involved in a specific molecular pathway that requires functions of both PCM-1 and BBS4. However, it is unlikely that CEP290 and BBS4 play a redundant role on PCM-1 function because knockdown phenotypes are distinct: the depletion of CEP290 resulted in an abnormal concentric accumulation of PCM-1, whereas BBS4 knockdown caused the dispersion of PCM-1 (20) . This observation suggests that, unlike BBS4, CEP290 might act to either destabilize PCM-1 -dynein motor interaction or promote the interaction between PCM-1 and kinesin motors, facilitating the movement of PCM-1 back to the cytosol. Indeed, CEP290 can interact with components of both dynein and kinesin motor machineries (6, 7) . It was also shown that PCM-1 granules move along the microtubule not only toward the centrosome but also toward the cell periphery, suggesting that PCM-1 distribution is regulated by coordinated actions between plus end-and minus end-directed microtubule motors (17) . It is likely that CEP290 and BBS4 together may mediate this coordination.
It is noteworthy that the abnormal concentric accumulation of PCM-1 granules in CEP290-depleted cells was accompanied by a change in biochemical properties of both PCM-1 and BBS4 proteins. The apparent decrease in molecule size in sucrose density gradient indicates that PCM-1 and BBS4 form smaller complexes in the absence of CEP290. This result suggests that CEP290 may be required for the formation of the BBSome, which is known to contain at least seven BBS proteins as well as PCM-1. However, the observation that CEP290 from control cell lysate was mainly detected in smaller molecular size fractions excludes the possibility that CEP290 is incorporated into the large BBS -PCM-1 complex as a scaffold. In agreement with this, BBS4 
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was not detected in CEP290 immunoprecipitates which contain PCM-1 and several other centrosomal proteins (7) . Interestingly, CEP290 has the consensus sequence of ATP/ GTP-binding motif, GxxxxGKS/T, which is typically present in ATPase/GTPase (P-loop NTPase) (29) , and CEP290 from all vertebrates whose sequence data are available contains this exact motif. Thus, it is conceivable that CEP290 facilitates BBSome assembly in a catalytic manner, utilizing ATP binding. PCM-1 granules are not only concentrated at the centrosomal area but also scattered throughout the cytoplasm, whereas CEP290 is mainly detected around the centrosome. However, CEP290 knockdown mainly affects noncentrosomal pool of PCM-1. This result also suggests that CEP290 may modulate the dynamic shuttling of PCM-1 in a non-stoichiometric or catalytic manner. The exact role of PCM-1 in the assembly of the primary cilium remains to be elucidated. In particular, in vivo functions of PCM-1 are totally unknown: PCM-1 has not been reported to be associated with any ciliopathy, and the animal model of PCM-1 loss-of-function is not available. Besides, a recent report suggested that PCM-1 may be dispensable for centriole formation and ciliogenesis in multi-ciliated tracheal epithelial cells (30) . However, previous results (12, 24) and the data presented here clearly demonstrate that PCM-1 function is required for the formation of the non-motile primary cilium. Given its known role in the recruitment of major centrosomal proteins (19) , it is not surprising that the depletion of PCM-1 interferes with ciliogenesis. In addition, the interdependence of PCM-1 with ciliopathy proteins, BBS4 (12, 20) and CEP290, for proper subcellular localization further supports the connection between PCM-1 and the primary cilium. Moreover, our data suggest that PCM-1 is involved in the regulation of a membrane-trafficking pathway mediated by Rab8, which may be coordinated with the assembly of the ciliary axoneme. The dispensability of PCM-1 for tracheal epithelial cell ciliogenesis suggests that molecular pathways for the assembly of motile multi-cilia are distinct from those of the primary cilium. This may explain why dysfunction of motile multicilia is not common in JS and BBS.
Previously, it was shown that ciliogenesis is inhibited by the depletion of two BBS complex subunits (BBS1 or BBS5), whereas the localization of PCM-1, BBS4 and centrosomal proteins are unaffected by the depletion (12) . Importantly, CEP290 knockdown also interferes with ciliogenesis and Rab8 targeting to the primary cilium without apparent defect in the recruitment of centrosomal proteins. These results raise the possibility that Rab8 transport to the cilium and centrosomal protein recruitment mediated by PCM-1-BBS4 function are unlinked molecular processes. One possible scenario would be that PCM-1-BBS4 is a bi-functional module that can either form transient complexes with dynein transport machinery for recruiting centrosomal proteins or fit into the BBSome, which serves as a docking site for Rab8 activation machinery at the basal body. In this scenario, CEP290 might function to coordinate the assembly and disassembly of the complexes. The elucidation of detailed mechanisms of the link between CEP290 and PCM-1/BBS requires additional biochemical study. In summary, our results identify PCM-1 as a molecule that can interact with both CEP290 and BBS proteins.
MATERIALS AND METHODS
Cell culture and transfection
hTERT-RPE, IMCD-3 and HEK293T cells were grown as suggested by American Type Culture Collection. Cells were transfected with 20-40 nM siRNAs using Lipofectamine RNAi-Max (Invitrogen). Sequences of pooled Cep290 siRNA duplex oligonucleotides are 5 0 -GGAUUCGGAUGAA AUGAAAUU-3 0 , 5 0 -GGAAUUGACUUACCUGAUGUU-3 0 , 5 0 -GAAAGUUAAUGAGCAAUUGUU-3 0 and 5 0 -GAAGUA GAGUCCCUCAGAAUU-3 0 (Dharmacon). The sequence of PCM-1 siRNA duplex oligonucleotides is 5 0 -GGCUUUAA CUAAUUAUGGATT-3 0 (Dharmacon). Non-target siRNA was used for control transfection (Dharmacon). Plasmid vector for expressing GFP-tagged mouse CEP290 was described previously (3). GFP -PCM-1 plasmid was a gift from Andreas Merdes (University of Edinburgh). Rab8-GFP plasmid was a gift from Maxence Nachury (Genentech). mCherry -tubulin plasmid was obtained from Clontech, Inc. To generate mCherry -CEP290 vector, GFP coding region from GFP-CEP290 plasmid was replaced with mCherry sequence. Cells were transfected with plasmid DNAs using Lipofectamine2000 (Invitrogen).
Immunofluorescence and imaging
For indirect immunofluorescence, cells were fixed in either methanol or 4% PFA depending on antigen. Primary antibodies used for immunofluorescence are rabbit anti-CEP290 antibody (a gift from Dr Hemant Khanna, University of Michigan); rabbit anti-PCM-1 antibody (a gift from Andreas Merdes, University of Edinburgh); mouse anti-centrin (a gift from Jeffrey Salisbury, Mayo Clinic), mouse-anti-Ac-tub (Zymed); rabbit-anti-Glu-tub (Chemicon); mouse-anti-pericentrin (Covance); mouse-anti-a-tub (Sigma); rabbit-anti-g-tub (Sigma); goat-anti-g-tub (Santa Cruz); mouse-anti-GFP (Genetex) and anti-BrdU (ABcam). Alexa 488-, Alexa 594-and Alexa-647-conjugated secondary antibodies (Molecular Probes) were applied for 1 h at room temperature. DNA was stained with Hoechst 33342.
Images were obtained using a DeltaVision Spectris Deconvolution System (Applied Precision) equipped with an Olympus IX70 microscope and a cooled charge-coupled device system. Image stacks were collected with a Z-step size of 0.2 mm and then deconvolved with DeltaVision software (Applied Precision). Settings were enhanced ratio with noise filtering set to medium and 10 deconvolution cycles. The number of Z stacks collected was variable (between 0.6 and 1.2 mm), depending on magnification. Deconvoluted images were projected into one picture using DeltaVision software's quick projection tool with maximum intensity setting. Exposure times and settings for image processing were constant for all samples to be compared within any given experiment. Images were sized and placed in figures using Adobe Photoshop 7.0. Alexa-647 fluorescence was pseudo-colored to blue in Figure 5A bottom panels. For the quantification of immunofluorescence intensity, integrated pixel density was measured using Image J software. Rollin ball radius for background subtraction was set to 25.
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Immunoblotting and immunoprecipitation
For immunoblotting, cells were extracted with RIPA lysis buffer and boiled with SDS sample buffer. Same volumes of lysates were loaded for paired experiments. Primary antibodies used for western blotting are rabbit anti-mouse CEP290 antibody raised against a fragment spanning amino acid 2286 -2304; anti-PCM-1; anti-GFP (Genetex); anti-BBS4 (Santa Crutz). Bound antibodies were detected using HRP-conjugated secondary antibodies (PIERCE). For co-immunoprecipitation, cells were extracted with EBC lysis buffer, and cell lysates were incubated with anti-DsRed/mCherry antibody (Clontech), which does not cross-react with GFP, and Protein A-agarose beads (PIERCE).
Sucrose density gradient centrifugation
hTERT-RPE cells were treated with 20 mg/ml nocodazole and 10 mg/ml cytochalasin B for 15 min and lysed in 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EGTA, 1 mM MgCl 2 , 10% glycerol, 0.5% NP-40, 1 mM DTT and protease inhibitor cocktail (Roche). Lysates were centrifuged at 1500 g for 5 min at 48C, and DNase I (2 mg/ml; Sigma) was added to the supernatants. Supernatants were filtered through 35 mm cell-strainer cap (BD Falcon) and fractionated on discontinuous sucrose gradients at 100 000 g for 16 h at 48C in SW 41 Ti rotor. The discontinuous sucrose gradients comprise 10 steps (1 ml each) of 10-70% sucrose prepared in 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EGTA, 1 mM MgCl 2 , 10% glycerol, 0.05% NP-40 and 1 mM DTT.
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